bryophytes, sex determination happens at meiosis with the production of spores 73 (Bachtrog et al., 2011) . A spore carrying the female sex-determining locus (U) will form 74 a gametophyte that produces archegonia and ultimately bears the offspring embryo (a 75 sporophyte). Spores with the male sex-determining locus (V) form a gametophyte that 76 produces antheridia. Because the diploid sporophyte is produced by the union of a U-77 bearing egg with a V-bearing sperm, the sporophyte is always heterozygous at the sex-78 determining locus. As a consequence of meiotic segregation, therefore, the null 79 expectation is a 1:1 sex ratio. Identifying the underlying mechanisms that generate the 80 persistently female-biased phenotypic sex ratios in moss populations is an essential first 81 step toward understanding the evolutionary causes and consequences of sex ratio bias in 82 this ecologically important group of plants. 83 A female bias in the production of sexually mature ramets in a natural population 84 could be caused by at least three distinct processes. First, an apparently female biased 85 population sex ratio could simply be a product of faster female growth, as has been found 86 in several species (Shaw and Beer, 1999; Stark et al., 2005a; McDaniel et al., 2008) . In 87 this case, female genotypes on average would produce more ramets and occupy larger 88 .
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To establish a panel of plants of known sex to use to identify sex-linked molecular 136 markers, we isolated 11 S. caninervis female and 10 male ramets from the low stress site 137 in March and April of 2013. Field collections of S. caninervis were identified by leaf 138 morphology, color, and hair points then later confirmed with leaf cross-sections. In the 139 laboratory under a dissecting microscope patches were hydrated and screened for 140 presence of current or past antheridia and archegonia. 141
To estimate the phenotypic sex ratio of the low stress population, in May 2014 we 142 collected in 3-5 cm patches in three parallel 20 m linear north-south (N-S) transects, 10 m 143 apart from one another, collecting one patch every 2 m from a variety of shaded and 144 exposed microhabitats. In June 2014 we made collections from the high stress site in a 145 similar manner in two parallel 20 m N-S transects. Additionally, due to the highly 146 irregular distribution of the species in the high stres site, a third mini-transect was 147 sampled (beginning at about the 23 m mark of transect 2 and extending approximately 2 148 m), more densely (ca. every 500 cm) selecting samples in a northwest-southeast (NW-149 SE) direction from a variety of microhabitats. To estimate the genetic sex ratio and 150 perform diversity analyses, a maximum of three individual sterile ramets were isolated 151 from each patch using a dissecting microscope, resulting in a total of 99 ramets from the 152 low stress site and, due to lower frequency of this species at this site, 42 ramets from the 153 high stress site, for a total of n = 141 individual ramets. 154
DNA Extraction and RADseq library preparation-Total genomic DNA was 155 extracted and isolated from 162 total ramets (21 of known sex, and 141 of unknown sex) 156
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/075861 doi: bioRxiv preprint first posted online  using a modified cetyl trimethyl ammonium bromide-beta mercaptoethanol (CTAB) 157 procedure (McDaniel et al., 2007) . Prior to extraction, samples were ground dry to a fine 158 powder using a GenoGrinder 2010 bead shaker (SPEX CertiPrep, Metuchen, NJ). DNA 159 quality was evaluated for each sample by electrophoresis and quantified using a Qubit 160
Fluorometer (Invitrogen, Carlsbad, CA, USA) and samples' DNAs were normalized prior 161 to library preparation. Beverly, MA) with the resulting 250-500 bp fraction being used for Illumina sequencing. 176
The sterile ramet sample library was sequenced using an Illumina NextSeq 500 at mid 177 throughput, producing 150 bp single-end reads. The library consisting of the 21 known-178
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Data analysis-Raw ddRAD sequence reads were assessed for quality with 181 fastQC (Gordon and Hannon, 2010). All manipulation of raw sequence reads was 182 performed using tools from the FASTX-Toolkit (Gordon and Hannon, 2010) 183 implemented in Galaxy on the University of Florida's Research Computing Cluster. To 184 eliminate low quality bases at the 3' end of reads, all sequences were trimed to 100 bp. 185
Reads were filterd for a minimum Phred quality score of 20 on at least 90% of the read. 186
All reads were then demultiplexed followed by the removal of the 5' barcode and EcoRI 187 enzyme cutsite. 188 RAD loci were assembled de novo using STACKS, version 1. sex was considered a potential sex-associated locus. Using these criteria we identified 208 over 1,000 candidate sex-associated loci. From this list, the 100 male-associated and 100 209 female-associated loci that were present at the highest frequency in each sex (present in 9 210 of the 10 males and all of the 11 females) were selected for further analyses. A custom 211
Perl script was used to search for these sequences in the alignments from the final 131 212 sterile ramets used in our analyses (see Results). Of the 200 candidate sex-associated loci, 213
we identified loci that were present in the 131 sterile ramet samples and were in complete 214 linkage with one another. We discarded any loci that were not in complete linkage, 215 because this observation suggested that they were not truly sex-linked, along with any 216 loci that were not recovered in the sterile ramet data set. We counted the number of 217 ramets with only male-associated loci and the number with only female-associated loci 218 and tested for deviations from a 1:1 sex ratio with a Chi-square test and a 2-tailed p-219 value. 220
In order to determine the number of unique genotypes among the 131 sterile 221 ramets, clonal assignments were made using genetic distance under the infinite allele 222 model with a pairwise distance threshold of 0 between individuals. Higher mismatch 223 thresholds, up to 8, were evaluated but all resulted in the same clonal assignments. Figure  224 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/075861 doi: bioRxiv preprint first posted online  11 2 shows the clonal decay distribution of number of unique genets identified at different 225 genetic distance threshold levels. Furthermore, all ramets that were identified as clones of 226 the same genet were also genetically assigned to the same sex. Clonal assignments were 227 used to fill in missing data, when possible, by finding a consensus sequence among 228 ramets per MLG using GENEIOUS version 8.1.4 (Kearse et al., 2012). To test whether 229 the female biased sex ratio was generated by greater female growth rates, we compared 230 the mean number of sites occupied by female and male MLGs, testing for significance 231 using a one-tailed t-test. 232
To compare levels of genetic variation between the two study populations, and 233 between males and females in the low stress population, we calculated five measures of 234 clonal diversity using the software GENODIVE version 2. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/075861 doi: bioRxiv preprint first posted online  bootstrap tests with 1,000 permutations and subsampling to match population sizes to test 248 for differences in the latter three measures of clonal diversity. 249
To evaluate the degree to which differences between the two populations could be 250 due to fixed genetic differences, we first calculated the population differentiation statistic 251 FST among the 131 sterile ramets from the high and low stress sites using GENODIVE. 252
Next we performed a principal components analysis (PCA) of genetic distance 253 covariation, with the missing data filled in first with clones, where possible, then with the 254 mean allele frequencies of all ramets. The eigenvectors (axis loadings) from the first two 255 PCA axes were plotted with the ggplot2 R package (R Core Team, 2013). We also 256 estimated the population structure using the fastSTRUCTURE (Raj et al., 2014) inference 257 algorithm with a simple logistic prior and K = 1 through K = 4. The dataset used for this 258 contained 2,234 SNPs from 131 sterile ramets from the high and low stress sites where 259 missing data was filled in with clones, when possible. Membership coefficients for K = 2 260 were plotted using DISTRUCT version 2.2 from the fastSTRUCTURE software package. 261
For another means to visualize the patterns of genetic distance among genets in 262 the two populations, we constructed a midpoint-rooted neighbor joining genetic distance 263 tree using CLEARCUT. The dataset used for this contained 2,234 SNPs from 51 genets 264 from the high and low stress sites where missing data were filled in with clones, when 265 possible. Two genets with greater than 80% missing data were excluded. Because the 266 RAD loci are not completely linked, this tree does not represent the genealogical 267 relationships among these individuals but rather genetic similarity. 268
RESULTS 270
.
13
Phenotypic sex ratios-Of the 49 patches collected in the low stress site, 31 271 contained no sex structures, 17 contained ramets expressing archegonia and were 272 classified as female, 1 contained ramets of both sexes, and no patches contained ramets 273 with only male gametangia. The resulting phenotypic sex ratio of 18 F:1 M differs 274 significantly from 1:1 meiotic expectations (Chi-squared test, two-tailed p-value < 275
0.0001). 276
Sequencing statistiscs-Approximately 150 million total raw sequencing reads 277 were generated for the 141 ramet samples sequenced resulting in roughly 1.06 million 278 reads per barcode. About 40% of the reads were discarded due to low quality, resulting in 279 88 million reads that passed initial quality filters. Ten ramets with fewer than 4.5 280 thousand reads were discarded, leaving 98 sterile ramets in the high evelavtion, low stress 281 site, 33 sterile ramets in the low elevation, high stress site, and 21 ramets of known sex 282 from the low stress site, ranging from 51 thousand to 2.6 million reads per ramet. The 283 data matrix of 2,234 SNPs from 131 sterile ramet samples was 80% complete when using 284 original reads but increased to 94% complete when missing data were filled in with data 285 from identical clonal MLGs. The data matrix of concatenated loci used for the RAxML 286 analysis was 83.3% complete with a mean depth of about 5.6 reads per locus. 287
Identifying sex linked loci and genetic sex ratio-Of the 100 candidate male-288 associated loci, 63 co-segregated exclusively within 33 sterile ramet samples and were in 289 complete linkage with one another. These 63 loci had an average read depth of 6.3 and on 290 average 33.5 male-associated loci were found within each newly identified male ramet. In 291 parallel, 65 of the 100 candidate female-associated loci co-segregated exclusively in the 292 remaining 98 sterile ramets and were also in complete linkage. These loci had a mean 293 .
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These may have been lost due to subtle differences in the library size selection procedure, 297 or may have been missed due to stochastic sampling. The remaining 20 loci may have 298 been incorrectly categorized as sex-linked, based on the small sample size of the trial set, 299 but it is also possible that some females could have contained fertilized archegonia that 300 went unnoticed during selection of ramets for DNA extraction and, thus, male-associated 301 loci were detected in unobserved embryos (indeed, 13 putative male-associated markers 302 found in sterile females, while 7 putative female-associated markers found in sterile 303 males). Using these putative sex linked markers, we found 65 female ramets and 33 male 304 ramets in samples from the low stress site, equating to an approximate 2:1 female-to-male 305 ratio. This represents a significant deviation from both the 1:1 expectation (Chi-squared 306 test, two-tailed p-value = 0.0012) and from the observed phenotypic sex expression at the 307 patch level (Chi-squared test, two-tailed p-value < 0.0001). Genetic sex ratio on a clonal 308 lineage level in the low stress site was also approximately 2:1 (31 female clonal lineages 309 and 14 male clonal lineages). All 33 of the ramets from the high stress site were found to 310 be female. 311
Distribution of genotypic variation-We found 53 unique MLGs among the 131 312
sterile ramets, based on analysis of 2,234 biallelic SNPs. The low stress site contained 45 313 unique MLGs from 98 ramets and the high stress site had eight MLGs from 33 ramets. A 314 total of 53 MLGs were distinguishable at genetic distance thresholds of 0 through 7, after 315 .
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Most unique MLGs in the low stress site were restricted to the 3-5cm patch they 318 were collected from. Of the 45 unique geneotypes in the low stress site, three were found 319 within adjacent patches (approximately 2 m apart) and only one MLG extended through 320 three patches for a total of about 4 m (Figure 2 ). Female and male MLGs did not occupy 321 significantly different numbers of patches ( Figure 3A ) nor did they contain significantly 322 different numbers of ramets per MLG ( Figure 3B) . 323
Both the Simpson's diversity and the corrected Shannon indices were 324 significantly higher in the low stress site than in the high stress site (p-value = 0.001). 325
Evenness was also slightly greater in the low stress site, but not significantly so (Table 1) . 326
The Simpson's diversity and evenness values were not significantly different between the 327 two sexes in the low stress site, but the corrected Shannon Index was significantly higher 328 for females than for males (Table 2 , p-value = 0.001). 329
Population differentiation and structure-The FST for the high and low stress 330 sites was 0.102 when all ramets were included. When estimated with just unique genets, 331 however, FST dropped to 0.028. The neighbor joining tree recovered genets of the high 332 stress site nested within the low stress site ( Figure 5 ). Population structure analysis in 333 fastSTRUCTURE estimated a minimum of one model component to explain structure in 334 the data. However, this estimate was not supported by the corresponding marginal 335 likelihoods, which increased with the K parameter with no apparent maximum. 336
Membership coefficients for K = 2, visualized on Figure 5 show some support for 337 structure among the two sites. 338 .
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/075861 doi: bioRxiv preprint first posted online  The first axis of the principle components of covariance analysis (PCA) explained 339 8.112% of the total variation in the 131 ramets and 6.051% was explained by the second 340 axis. A scatterplot of the first two PC axes ( Figure 6 ) shows a tighter clustering of many 341 ramets from the low stress site and lower association of ramets from the high stress site, 342 mostly resolved along PC axis 1. Yet, a few ramets from the high stress site are 343 genetically similar, and therefore clustered near, many in the low stress site. We use these putative sex-linked markers to show that the genetic sex ratios in 371 two Mojave Desert populations populations of S. caninervis are female biased (2 F:1 M 372 in the low stress site, and entirely female in the high stress site). Importantly, however, 373 the phenotypic sex ratios in this sample were far more biased (17 F:1 M in the low stress 374 site). While it is certainly possible that we have over-estimated the long-term female sex 375 expression rates, due to drought in study area in the years prior to collection (2013-2014), 376 collections from seasons with more typical winter weather patterns reported phenotypic 377 sex ratios of 7 F:1 M (Paasch et al., 2015) , approximately three times more female biased 378 than the genetic sex ratio we found. These data indicate that males constitute a 379 disporportionately large fraction of the sterile plants, providing unequivocal support for 380 the shy male hypothesis. 381
The greater frequency of female ramets, however, indicates that factors beyond 382 thresholds for sex expression must also contribute to the population sex ratio variation in 383 S. caninervis. Experimental manipulations show that females regenerate more readily 384 exhibit greater clonal propagation. However, the fact that we observed no difference in 387 number of sites occupied between female and male MLGs ( Figure 3A) indicates that the 388 genetic female bias in this species is unlikely to be due to faster female growth. 389
A female genotype bias could also be causd by elevated male mortality. The 390 hypothesis uniquely predicts a lower male haplotype diversity, relative to females, as we 391 found (corrected Shannon index, 1.596 in females, 1.208 in males, p = 0.001). Indeed, 392 when comparing the two populations, the high stress site is less clonally diverse 393 (Simpson's and corrected Shannon indices, p = 0.001; Pd, no significance test) and has a 394 a greater bias than the low stress site. Importantly, the relatively low FST indicates that 395 most surveyed polymorphisms are shared between the two populations, suggesting that 396 the difference between these two populations are unlikely to result from fixed genetic 397 differences between the two populations. 398
With our current data it is not possible to isolate when in the life cycle male and 399 female demography differ, nor whether it is locally adapted male genotypes that survive 400 or only those genotypes that by chance land in more permissive environmental 401 conditions. However, the association between stress and male mortality suggests that the 402 interaction between male physiology and extrinsic environmental factors are more likely 403 to govern population sex ratio than exclusively intrinsic factors like sex ratio distorters 404 (McDaniel et al., 2007; Norrell et al., 2014 Wash. Ramets from the high stress site are red and from the low stress site are blue. 652
Males are indicated with triangles and females with circles, and shape size is scaled to the 653 number of ramets sharing the same MLG ('Clones'). Missing alleles were filled in first 654 with clones, when possible, then with the mean allele frequencies of all ramets. PC1 655 explains 8.112% of the total variation in the samples and 6.051% is explained by PC2 656 (Cumulative 14.164%). 657 . Click here to download Figure Figure_7 .pdf
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